lectrophilic aromatic substitution (S E Ar) is one of the oldest and most important synthetic organic reactions to form carbon-carbon bonds. The reaction is proposed to involve the classical carbocationic σ-complex, which is better known as the Wheland intermediate, formed upon an attack by a π-electronrich aromatic on an electrophile 1 . Since its discovery by Friedel and Crafts in 1877, S E Ar has been extensively utilized by the chemical industry to produce functionalized aromatic compounds 2, 3 . For example, ethylbenzene is currently produced by the ethylation of benzene (EB) with ethylene using a zeolite catalyst (for example, the Mobil-Badger process, Universal Oil Products' (UOP) EBOne process, Mobil-Raytheon's EBMax process and UOP/CEPSA process), and is a very important chemical intermediate in the petrochemical industry for the production of styrene [3] [4] [5] [6] [7] . Currently, more than 99% of all ethylbenzene produced is used in the production of polystyrene-derived plastic materials 8 . Despite these industrial advancements, there are surprisingly no detailed studies discussing the S E Ar reaction mechanism of the zeolite-catalysed EB processes. The importance of mechanistic understanding of this industrially relevant reaction cannot be ignored, as such information is crucial to maximizing yields, reducing costs and minimizing waste in order to increase economic value 9 . Furthermore, this reaction is also of academic interest, as the underlying mechanistic principles of S E Ar are currently the subject of debate. According to a few recent studies, the classical Wheland intermediate is not always considered to be an obligatory intermediate during S E Ar [10] [11] [12] [13] . Thus, the objectives of this work are to investigate the S E Ar mechanism at the solid/gas interface of a heterogeneous catalyst, and to resolve the ambiguity about the involvement of Wheland intermediates in zeolite-catalysed S E Ar reactions. To realize these ambitions, we have chosen the classical zeolite-catalysed ethylation of benzene, in which we use bio-ethanol instead of ethylene as the alkylating agent.
Traditionally, ethylbenzene is produced by homogeneous Friedel-Crafts-type Lewis acidic catalysts (for example, HF or AlCl 3 ), but disadvantages of this process include: corrosion, toxicity, waste disposal and halide impurities within aromatics [6] [7] [8] . In order to overcome these issues and achieve environmental tolerance and superior product selectivity through size control, zeolites (H-ZSM-5 and MCM-22) have been introduced by the petrochemical industry for the ethylene-mediated production of ethylbenzene, as they are heterogeneous catalysts that exhibit robust shape and size selectivity through regular micropores 6, [14] [15] [16] . However, several drawbacks still exist, such as the application of external reaction pressure, contaminants in the olefin feed from fluid catalytic cracking units, faster catalyst deactivation (rapid coke formation due to oligomerization of olefins) and, importantly, complete dependency on fossil fuel feedstocks 7, 8 . In order to reduce this dependency, the direct use of bioethanol (instead of ethylene) as an alkylating agent provides a more sustainable and economical option for the production of ethylbenzene 17 . Although, pioneering work on alcohol-mediated aromatic alkylation took place as early as 1966, efforts were discontinued due to low crude oil prices (compared with the price of alcohol) 18 . Nowadays, the situation is completely reversed due to the high price of fossil fuels and concerns about global climate change. Moreover, the current production scale and price of bioethanol from renewable biomass-derived resources (that is, ligno-and hemicelluloses) are also favourable enough to replace olefins within the industrial aromatic alkylation process 17 . Moreover, if aromatics can also be derived via depolymerization of lignocellulosic biomass materials (instead of fossil fuel) in future, then the complete EB process would be absolutely renewable 19 . Thus, the zeolitecatalysed EB process has recently captured renewed attention in both academia [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] and industry 16, [27] [28] [29] [30] . In this work, we establish a fundamental understanding on the reaction mechanism of the commercially relevant, zeolite-catalysed, 
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bioethanol-mediated EB process; primarily through the identification of a surface ethoxy species (SES)-type active catalyst, as well as the Wheland-type carbocationic σ-complex and neutral zeolite adsorbed aromatic π-complex (Fig. 1 ). This has been made possible by operando UV-Vis diffuse reflectance spectroscopy (DRS) coupled with on-line mass spectrometry (MS), and corroborated with advanced multi-dimensional solid-state nuclear magnetic resonance (NMR) studies. As a result, new insights into the host-guest chemistry between the zeolite and aromatics, in terms of their surface mobility and reactivity, have also been obtained. The EB reaction was performed using millimetre-sized, alumina-bound H-ZSM-5 catalyst extrudates, using an equimolar ratio of benzene and ethanol as a reactant at 573 K. Details on the preparation and characterization of the alumina-bound H-ZSM-5 extrudate materials used in this study, can be found in the Supplementary Information (Supplementary Methods I and Supplementary Figure 1) .
results
Operando optical spectroscopy. In the first phase of our study, operando UV-Vis DRS coupled with on-line MS was used to identify and differentiate between neutral and carbocationic (including Wheland intermediates) organic species trapped within the zeolite material, as well as gas-phase products formed during the EB reaction over H-ZSM-5 extrudates at 573 K for 30 min (Supplementary Methods II). The results are summarized in Fig. 2 & Supplementary  Fig. 2 . The major spectral changes during the initial 10 min of reaction are illustrated in Fig. 2a , where the absorption bands at 295, 334, 415 and 596 nm increase in intensity with increasing time-onstream (TOS). After ~7 min of reaction, the increase in intensity continues only for the 596 nm band (Fig. 2b,c and Supplementary  Fig. 2a ). The observed bands at ~295, 334 and 415 nm are attributed to neutral alkylated benzenes, carbenium ions with alkyl side chain carbocation and aromatic ring protonation, respectively, whereas the band at 596 nm presumably develops due to the existence of π-complexes between the zeolite and aromatic species (vide infra for NMR results) [31] [32] [33] [34] [35] [36] [37] [38] [39] . The on-line MS data reveal the existence of diethyl ether, lower olefins (ethylene and propylene) and ethylbenzene ( Fig. 2d ) along with traces of diethylbenzene and cumene ( Supplementary Fig. 2c ). Interestingly, the cross-section of the postreacted extrudate develops a 'core-shell'-type bi-colouration (yellow and violet in the shell and core, respectively, Supplementary  Fig. 2b ).
In principle, alkylbenzenes could form two different types of carbocations/carbenium ions via only two routes: (i) Brønsted acid site 
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mediated formation of cyclohexadienyl (arenium) ions/σ-complex (that is, a Wheland-type intermediate) via protonation/alkylation of the aromatic ring (equation (1)) and (ii) Lewis acid side-promoted formation of alkylated carbenium ions via hydride abstraction from the alkyl chain of aromatics (equation (2)) 33, 37 .
The existence of Wheland intermediates during the EB reaction over the zeolite was confirmed by a series of experiments using UV-Vis DRS, upon electronic variation of both electrophile (ZeOX, X = H and C 2 H 5 ) and nucleophile (C 6 H 5 R, R = H, C 2 H 5 and OCH 3 ) (Fig. 3, Supplementary Figs . 3-6 and Supplementary Methods II) [31] [32] [33] [34] [35] [36] [37] [38] . Figure 3a -d reflects a redshift of the absorption maxima of a σ-complex (Wheland species), either upon ethylation of the zeolite or in the presence of an electron-donating group attached to the aromatic ring. Moreover, both the ethylation of ethylbenzene and the protonation of 1,4-diethylbenzene were observed to have an identical Wheland-type reaction intermediate, which was identified and absorbs light at ~421 nm (highlighted in green, Fig. 3e ). These UV-Vis DRS experiments unequivocally support the existence of a carbocationic σ-complex (that is, Wheland intermediate) during the zeolite-catalysed alkylation of aromatics, which is known to follow 
an S E Ar mechanism. Furthermore, we have also shown the distinctive spectral influence of zeolite acid sites (both Brønsted and Lewis) and the binder (alumina) during the EB reaction (Supplementary Methods II including Supplementary Figs. 4-6 ).
Solid-state NMR spectroscopy. In the next phase of our study, we performed advanced magic angle spinning (MAS) solid-state NMR on alumina-bound H-ZSM-5 extrudates after the EB reaction was performed for 30 min at 573 K, using fully 13 C-enriched reactants. In the 1D 13 C-spectra (Fig. 4) of the EB-reacted catalyst, the following three features were observed: (i) 16-31 ppm aliphatic and methyl groups, (ii) 58-70 ppm ethoxy groups, and (iii) 125-150 ppm aromatic groups (Supplementary Methods III-IV and Supplementary Table 1 ). The strongest aromatic signal at ~131 ppm contains a contribution mostly from the unreacted zeolite-trapped benzene molecules, while the peaks at ~62, 66 and 69 ppm are due to surface adsorbed ethanol, diethyl ether and SES, respectively ( Supplementary Figs. 9,10) 
40
. Using isotope-enriched reactants not only significantly increased NMR sensitivity, but also allowed multi-dimensional solid-state NMR correlation experiments, which provide detailed insight into molecular structures. Moreover, we adapted different solid-state NMR magnetization transfer techniques previously developed for spectral separation of biomolecules on the basis of their mobility to distinguish between mobile species and molecules associated with or trapped in extrudates (Figs. 5,6 and Supplementary  Figs. 7-12 ) 41, 42 . Such species can be spectrally separated in NMR by using magnetization transfer schemes that invoke through-bond (scalar interactions such as in INEPT 43 ) or through-space (dipolar transfer such as in cross-polarization 44 ). Using the latter dipolar mechanism, molecules that exhibit no (such as physisorbed in or on the catalyst material) or limited (such as in the case of a molecule trapped within the zeolite structures) motion will predominantly appear in those spectra under our experimental conditions. On the other hand, in through-bond mediated schemes we will mostly observe molecules that exhibit fast overall tumbling or contain locally mobile groups such as seen in methyl groups that display fast rotation around the C-C axis. Using direct excitation such as shown in Fig. 4 , all chemical species, including those that exhibit intermediate dynamics, can be observed.
In 2D and 3D solid-state NMR experiments probing mobile molecules (Fig. 5) Fig. 5c ). Together with the corresponding 13 C frequencies (strips VII and VIII Fig. 5c: 36.4 and 127.8 ppm, respectively) and the intensity ratios of the two aliphatic resonances in the C-H spectrum (black diamonds Fig. 5b ), we could readily assign this spin-system as isopropyl benzene (cumene).
Interestingly, for tetramethylbenzene, as well as for benzene, a cross-peak with a non- 13 C-labelled molecular unit, that is, most probably, a Brønsted acidic OH group of the zeolite and/or the OH of ethanol (blue line and circles in Fig. 5c ), was observed. Proximity to the zeolite was further confirmed by 1 Hs or due to chemical exchange. The methyl signal (indicated with a cross in Fig. 5b ) was tentatively assigned to dimethylbenzene, based on the virtually identical spin-system and partial overlap with signals from tetramethylbenzene. Remaining aliphatic signals in the 1 H- 13 C correlation spectrum (grey circles in Fig. 5b) could not be connected to other signals in these spectra (Supplementary Table 2 ). We speculate that these signals belong to mobile aliphatic substituents of rigid molecules, such as seen in methyl groups that display fast rotation around the C-C axis.
In the solid-state NMR spectra probing rigid molecules (Fig. 6 ), reactants (ethanol (1a) and benzene), the ethylating agent (SES) and products (ethylbenzene (1b) and diethylbenzene (1c)) were clearly distinguishable. For example, the typical methyl resonance at 17.3 ppm (Fig. 6, green spectrum) shows cross-peaks with three other 13 C resonances in the (Fig. 6, red spectra, denoted by 1b) . This is a typical signature of an ethylated benzene ring. An identical spin-system with just slightly different chemical shifts could also be identified at 16.6, 30.6, 130.6 and 147.2 ppm (Figs. 1c,6 ). We therefore assigned these two spin-systems to mono-(1b) and diethylbenzene (1c). The existence of these rigid/immobilized π-complexes of zeolite-adsorbed aromatics (1b, 1c) is consistent with the observations from optical spectroscopy (Supplementary Fig. 6 ). The chemical shifts of surface adsorbed ethanol were all shifted downfield, when compared with mobile ethanol (Supplementary Table 1 ), indicating that the local physical environment altered the electronic state of the immobilized ethanol. Such a deshielding effect could be related to the removal of local electron density through a hydrogen-bond network with the zeolite surface (1a) or due to the higher electron negativity of the zeolite surface. In case of hydrogen bonding with the zeolite, the shift could result from a lowered LUMO energy level and a corresponding reduced energy gap between frontier orbitals 45 . These chemical shifts were further confirmed by a separate control solidstate NMR experiment, recorded on alumina-bound H-ZSM-5 extrudates, impregnated with 13 C-ethanol (Supplementary Fig. 7 ). 2D solid-state NMR cross-peaks for both SES and surface-adsorbed ethanol (1a), appeared to be more intense in the direct excitation spectrum at lower temperature (Fig. 6, purple spectrum) , highlighting the presence of their intermediate dynamics. For benzene, a similar chemical shift difference between the mobile molecule and its zeolite adduct is also observed, but the effect is less pronounced (Supplementary Table 1 and Supplementary Fig. 8 ). 
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Moreover, a very weak signal at 245 ppm, solely observed in the 1D direct excitation experiment (Fig. 4) , as well as low-intensity cross-peaks from a signal at 25.5 ppm to both 245 ppm and 157 ppm in the 13 C- 13 C correlation spectra ( Supplementary Fig. 9 ), are indicative of the formation of such alkylated carbenium species/ σ-complex. Even though these correlations are consistent with the existence of a carbocationic fragment, its complete molecular structure could not be derived due to the absence of additional correlations. Such partial elucidation (weak/absent NMR signals) of the σ-complex (Wheland-type intermediate) could be attributed to the lower stability compared to its π-complex analogue (possibly due to loss of aromaticity, vide infra for mechanistic details) and putative line-broadening of certain signals caused by chemical exchange. It is worth mentioning that in situ UV-Vis spectroscopy is far more sensitive in the detection of any carbocation than solid-state NMR.
In general, the detection of zeolite-surface-adsorbed π-complexes of ethylbenzene (1b) and diethylbenzene (1c) by ex situ solid-state NMR is consistent with the formation of a σ-complex (Whelandtype) intermediate during the EB reaction, and is also consistent with in situ/operando optical spectroscopy and the typical S E Ar mechanism 13 . Additional minor cross-peaks in the 13 C-13 C correlation spectra could not be assigned (Supplementary Figs. 9-11 and Supplementary Table 2) .
Catalytic cycle and other mechanistic aspects. Based on the above-described results, a catalytic pathway for the EB reaction is proposed in Fig. 7 . Firstly, ethanol is trapped on the zeolite via a hydrogen-bonded interaction with a Brønsted acid site (denoted as ZeOH in Fig. 7) . Then, the surface-adsorbed ethanolic species (1a) either converts directly to SES (ethylation of ZeOH), or eliminates 
ethylene (dehydration of ethanol). This ethanol dehydration process does not involve the formation of any carbocation, as was computationally and spectroscopically verified by Kim et al. 46 and Kondo et al. 47 , respectively. However, ethylene could react further with ZeOH to form an SES (cycle A, Fig. 7) . Next, our NMR study reveals the existence of zeolite-surface-adsorbed benzene molecules. Therefore, the high electron density at the benzene ring could tune its reactivity as a Lewis or a Brønsted-Lowry base, in order to interact Rigid/low mobility molecules H correlation spectrum (green) dipolar cross-polarization was used to polarize the carbons. In the 13 C-13 C correlation spectra, the carbons were polarized either through cross-polarization (red) or direct excitation (purple) and 13 C-
13
C mixing was achieved through proton-driven spin-diffusion using phase-alternated recoupling irradiation schemes (PARIS) 51 .
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with the Lewis or Brønsted acid site of the zeolite, respectively 48 . As a consequence, the interaction between an electrophilic SES and a nucleophilic π-system of the benzene ring is inevitable within a zeolite framework. In accordance with the typical S E Ar mechanism, benzene then attacks SES to form a σ-complex (Whelandtype) intermediate (denoted by # in cycle A, Fig. 7 ) 13 . Since this step involves temporary disruption of the aromatic π-system, it is considered as the rate-determining step in the S E Ar mechanism. This Wheland intermediate is, of course, less stable than the starting materials or the product, but it is a reasonably stable carbocation due to delocalization around its six-membered ring. Moreover, such Wheland intermediates might restrict themselves in the vicinity of a negatively charged Al defect and/or Al site (Al− O− Si) of the zeolite framework 49 .
Once the Wheland complex is formed, the final step of the reaction starts immediately in order to restore aromaticity. It involves a transfer of the protonic hydrogen of the benzene to the zeolite, which leads to the formation of a zeolite-surface-adsorbed π-complex of ethylbenzene (1b in Fig. 7) . Thus, solid-state NMR primarily detects the neutral species, after the loss of a proton from the Wheland intermediate/σ -complex, whereas the latter was identified predominantly by UV-Vis DRS. Next, the product, ethylbenzene, detaches itself from the surface and regenerates the zeolite (Al− OH− Si) during the course of the reaction (cycle A, Fig. 7) . Finally, the surface diethylbenzene species (1c) is formed from an analogous Wheland-type species (denoted by # in cycle B, Fig. 7) , which was generated upon the interaction between ethylbenzene and SES.
The presence of cumene indirectly justifies that olefins are indeed responsible for the formation of surface alkoxy species during the EB reaction. As illustrated in Supplementary Fig. 13 , the surface propoxy species (SPS) is formed due to the interaction between zeolite and propylene, which later undergoes the S E Ar pathway with benzene to form cumene. From a different perspective, benzene is efficiently acting as a trapping agent to various electrophiles (either olefin or SES) during the EB reaction, in order to prevent the ethanol-derived homologation/chain growth reaction to form higher aromatics, which is an established phenomenon during zeolite catalysed alcohol conversion processes 26, 34 . The other zeolite-trapped minor products, like xylene or tetramethylbenzene, are formed as a result of isomerization of ethylbenzene and diethylbenzene, respectively, under the experimental conditions of the EB reaction ( Supplementary Fig. 14) 9 .
Conclusions
In order to address the mechanistic aspects of the S E Ar reaction mechanism at the solid/gas interface, our complementary multimodal spectroscopic approach provides evidence in support of the formation of surface ethoxy species (the ethylating agent), Wheland intermediates (σ-complex between electrophilic SES and nucleophilic benzene), surface-ethylbenzene adducts (π-complex after the formation of the C-C bond) and deactivated products (diethylbenzene, cumeme, xylene and tetramethylbenzene) during the EB reaction using industrial-grade alumina-bound zeolite H-ZSM-5 extrudates. Thus, the existence of Wheland-type reaction intermediates could be confirmed in the mechanism of the zeolite catalysed S E Ar mechanism. Moreover, two different types of zeolite-trapped organic species were identified (mobile and rigid). Knowledge of such mobility-dependent features of surface-trapped organics in heterogeneous catalysis will not only be useful for the development of superior and/or upgraded catalyst materials for the EB reaction (via designing zeolite catalysts to mimic transition states of reactions) 9 , but also contribute to the basic understanding of zeolitecatalysed hydrocarbon conversion chemistry.
Methods
The preparation and characterization of alumina-bound H-ZSM-5 extrudates along with experimental details of operando catalytic and control experiments are given in the Supplementary Methods. H-ZSM-5, 12 C-benzene/ethanol and 13 C-benzene/ethanol were purchased from ACS materials, Sigma Aldrich and Cambridge Isotope Laboratories, respectively. Catapal D (alumina) was received from Sasol. Zeolite extrudates were prepared using a Caleva Mini-Screw Extruder. A Caleva Mixer Torque Rheometer was used to optimize the solid-to-liquid ratio. Extrudates were finally calcined in a convection oven at 873 K for 6 h (rate: 5 K min −1 ) under flowing air. Mercury intrusion was measured in a Micromeritics Autopore IV 9500 instrument. A contact angle of 130° for mercury intrusion and a pressure equilibration of 10 s were applied. Fourier transform infrared spectra in transmission mode were recorded on a PerkinElmer 2000 instrument. SEM was performed using FEI Helios Nanolab G3 instrument. Ar physisorption was performed with an automated gas sorption system 
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Micromeritics TriStar 3000. All catalytic reactions were performed using a Linkam cell (THMS600) equipped with a temperature controller (Linkam TMS94). The UV-Vis DRS measurements were performed with a CRAIC 20/30 PV UV-Vis-NIR micro-spectrophotometer using a 15× objective. A 75 W xenon lamp was used for illumination. The on-line gas phase product analyses were performed by a Pfeiffer OmniStar GSD 320 O3 (1-300 a.m.u.) mass spectrometer. The mass spectrometry database from the National Institute of Standards and Technology was consulted for assignment purposes. Optical images were taken using an Olympus BX41 M microscope. For solid-state NMR measurements, extrudates were crushed and transferred to a 3.2 mm rotor for MAS solid-state NMR experiments. All experiments were performed on a Bruker 500 MHz wide-bore magnet with an AVANCE-III console and equipped with a 3.2 mm HXY probe in double channel 1 H, 13 C mode. All experiments were performed at room temperature (298 K) and an MAS frequency of 16 kHz, or 275 K and 10 kHz. Note that effective sample temperatures can be 5-10 degrees higher due to frictional heating. Referencing of 1 H and 13 C chemical shifts was done externally to adamantane.
Data availability. The data that support the plots within this paper and other findings of this study are available from the corresponding author upon reasonable request.
